The mechanism of excised oligonucleotide processing during nucleotide excision repair is unknown. Results: UV photoproduct-containing oligonucleotides associate with chromatin following the dual incisions. Inhibition of gap-filling activities results in an accumulation of RPA-bound small, excised, damaged DNA (sedDNA) fragments. Conclusion: Gap filling-mediated dissociation of sedDNAs from RPA influences nucleotide excision repair rate. Significance: sedDNA processing is important in the DNA damage response.
Ultraviolet (UV) photoproducts are removed from genomic DNA by dual incisions in humans in the form of 24-to 32-nucleotide-long oligomers (canonical 30-mers) by the nucleotide excision repair system. How the small, excised, damage-containing DNA oligonucleotides (sedDNAs) are processed in cells following the dual incision event is not known. Here, we demonstrate that sedDNAs are localized to the nucleus in two biochemically distinct forms, which include chromatin-associated, transcription factor II H-bound complexes and more readily solubilized, RPA-bound complexes. Because the nuclear mobility and repair functions of transcription factor II H and RPA are influenced by post-incision gap-filling events, we examined how DNA repair synthesis and DNA ligation affect sedDNA processing. We found that although these gap filling activities are not essential for the dual incision/sedDNA generation event per se, the inhibition of DNA repair synthesis and ligation is associated with a decrease in UV photoproduct removal rate and an accumulation of RPA-sedDNA complexes in the cell. These findings indicate that sedDNA processing and association with repair proteins following the dual incisions may be tightly coordinated with gap filling during nucleotide excision repair in vivo.
Nucleotide excision repair is a multi-protein repair system that is capable of removing a wide variety of DNA lesions from genomic DNA, including ultraviolet (UV) photoproducts and bulky base adducts that are induced by a number of chemical carcinogens and chemotherapeutic agents (1) (2) (3) . Repair of these diverse forms of DNA damage involves a common mechanism that is defined by incision events at 20 Ϯ 5 phosphodiester bonds 5Ј and 6 Ϯ 3 phosphodiester bonds 3Ј to the lesion (4) . These dual incisions are accomplished by the action of six core repair factors (RPA, 3 XPA, TFIIH, XPC, XPF-ERCC1, and XPG) (5) (6) (7) and result in the production of a 24-to 32-nucleotide-long oligonucleotide that contains the damaged bases (4, 8, 9) .
We recently developed methods to detect and quantify the primary excision product (nominal 30-mer) as well as its processed forms ranging in size from 30 to Ͻ10 nucleotides in length in mammalian cells (10, 11) . Here, we will refer to the primary excision products as canonical 30-mers and the primary products along with its processed forms as small, excised, damage-containing DNA (sedDNA) oligonucleotides.
Our recent work has shown that sedDNAs are abundant in cells (1-2 ϫ 10 5 per cell) following UV irradiation and stably associate with the core excision repair proteins TFIIH (transcription factor II-H) and RPA following the dual incision event (10 -13) . This association may impact TFIIH and RPA activity in new rounds of repair and in other DNA metabolic processes.
The biological fate and physiological functions of the sedDNA repair products have not been considered previously in experimental models of excision repair (14) . However, there is increasing evidence that by-products of DNA repair have the potential to impact cell signaling events (15) (16) (17) (18) . Moreover, defects in the clearance of DNA oligonucleotides are associated with various autoimmune disorders (19 -21) , and abnormal localization of DNA in the cytosol may be sensed by the innate immune system (22, 23) . Thus, the fate of the damage-containing sedDNA products of excision repair is an important issue that needs to be addressed.
In this report, we examined the subcellular localization and post-excision processing of sedDNAs during nucleotide excision repair. We find that sedDNAs remain largely in the nucleus following UV irradiation and exist in two distinct biochemical forms characterized by chromatin extractability and association with the excision repair proteins TFIIH and RPA. * This work was supported, in whole or in part, by National Institutes of Health Grants GM32833 (to A. S.) and K99ES022640 (to S. G.). 1 Furthermore, we have also uncovered a role for DNA repair synthesis and ligation, which are required to fill in the singlestranded DNA (ssDNA) gaps that remain in the duplex following the dual incisions, in the post-incision processing of sedDNAs. We find that though gap filling DNA synthesis and ligation are not required for the dual incision event, the inhibition of gap filling slows post-incision sedDNA processing and nucleotide excision repair rate and leads to an accumulation of sedDNAs that remain in complex with RPA. These findings provide valuable new information on the biochemical properties and processing of sedDNAs during the post-incision steps of nucleotide excision repair.
EXPERIMENTAL PROCEDURES
Cell Lines-Human A375 melanoma and U2OS osteosarcoma cells were cultured at 37°C in a 5% CO 2 humidified incubator in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and penicillin/ streptomycin. To move cells into a quiescent state, U2OS cells were grown to near confluence and then maintained in DMEM containing 0.5% FBS for 4 -5 days. Metaphase-arrested cells were prepared by addition of 50 ng/ml of nocodazole to the culture medium for 12-16 h. In experiments with inhibitors of DNA synthesis and ligation, quiescent cells were preincubated with the indicated compounds for 30 min prior to UV irradiation. To irradiate the cells, the culture medium was removed from the cells and set aside. Cells were then placed under a GE germicidal lamp that emits primarily 254-nm UV light (UV-C) connected to a digital timer. Following irradiation, the culture medium was replaced, and the cells were incubated for the indicated periods of time before harvesting. trypan blue staining was used to determine cell viability 24 h after irradiation.
Chemicals and Antibodies-Hydroxyurea (HU), cytosine ␤-D-arabinofuranoside (AraC), aphidicolin, and nocodazole were purchased from Sigma. The DNA ligase inhibitor L189 was obtained from Tocris Bioscience. Antibodies used for immunoprecipitation included anti-p62 (Santa Cruz Biotechnology catalogue no. sc-292) and anti-RPA34 (Calbiochem catalogue no. NA18). Antibodies used for immunoblotting included anti-MEK2 (catalogue no. 610235) from BD Transduction Laboratories; anti-RPA70 (catalogue no. A300 -241A) and anti-phospho-RPA32 (Ser-33) (catalogue no. A300 -246A) from Bethyl Laboratories; anti-XPB (catalogue no. sc-293) from Santa Cruz Biotechnology; and anti-phospho-H2AX (Ser-139) (catalogue no. 2577), anti-phospho-p53 (Ser-15) (catalogue no. 9284), anti-cleaved PARP (catalogue no. 5625), anti-calnexin (catalogue no. 2679), and anti-cleaved caspase-3 (catalogue no. 9664) from Cell Signaling Technology. Anti-(6-4)PP antibody was from Cosmo Bio, and anti-cyclobutane pyrimidine dimer (CPD) antibody was from Kamiya Biomedical. Secondary antibodies included horseradish peroxidase-linked anti-mouse and anti-rabbit IgG (catalogue nos. NA931V and NA934V) from GE Healthcare.
Cell Extracts and Fractionation-Following UV irradiation, cells were washed twice with cold PBS and then harvested by scraping the cells from the plate into cold PBS. Cells were then pelleted by gentle centrifugation (800 ϫ g, 5 min, 4°C). Cells were then either frozen on dry ice and stored at Ϫ80°C or directly used for preparation of cell extracts. Whole cell lysates for immunoprecipitation were prepared by lysing the cells in Manley dialysis buffer (25 mM HEPES-KOH, pH 7.9, 100 mM KCl, 12.5% glycerol, 12 mM MgCl 2 , and 0.5 mM EDTA) containing 0.05% Nonidet P-40 substitute Igepal CA-630 and centrifugation at maximum speed in a microcentrifuge for 15 min at 4°C. For preparation of nuclei, cells were resuspended in buffer A (10 mM HEPES, pH 7.9, 10 mM KCl, 1.5 mM MgCl 2 , 10% glycerol, 0.34 M sucrose) containing 50 g/ml digitonin (Sigma). Cells were extracted three times with buffer A containing digitonin to separate the cytosolic material from the nuclei. Soluble cytosolic extracts were centrifuged for 15 min at maximum speed in a microcentrifuge at 4°C to remove any contaminating nuclei. Chromatin fractions were also analyzed by using a similar fractionation procedure that employed 0.1% Triton X-100 in place of digitonin.
Isolation and Detection of sedDNAs-Cell extracts and immunoprecipitates were incubated with RNase A for 5 min at room temperature and were then deproteinized by incubation with proteinase K for 30 min at 55°C. Following phenol-chloroform extraction and ethanol precipitation, the sedDNAs were resuspended in 10 l of 10 mM Tris, pH 8.5. To 3Ј-end label the sedDNAs, 5 l of sedDNAs were incubated in a 10-l reaction containing six units of terminal deoxynucleotidyl transferase (New England Biolabs), 0.25 mM CoCl 2 , and [␣-32 P]3Ј-deoxyadenosine 5Ј-triphosphate (cordycepin 5Ј-triphosphate; PerkinElmer Life Sciences) in 1ϫ terminal deoxynucleotidyl transferase buffer (New England Biolabs) for 1 h at 37°C. Following phenol-chloroform extraction and ethanol precipitation, sedDNAs were separated on urea-containing polyacrylamide gels and then detected with a phosphorimager. Radiolabeled oligonucleotides of known length were resolved on all gels as size markers. Excision repair activity was quantified using ImageQuant software (version 5.2, GE Healthcare) as described previously (10) .
Immunoprecipitation-Cell extracts were incubated on a rotary device at 4°C with 1-2 g of the indicated antibody for 2-6 h and were then incubated with recombinant protein A/G PLUS agarose (Santa Cruz Biotechnology) for 2 h. Immunoprecipitations were washed three times with buffer Manley dialysis buffer containing 0.5% Igepal CA-630. To elute DNA from the immunoprecipitations, the immunocomplexes were incubated for 30 min at 55°C in immunoprecipitation elution buffer (45 mM Tris, pH 8, 9 mM EDTA, 250 mM NaCl, 0.5% SDS) containing 50 g of proteinase K. Eluted DNAs were phenol-chloroform extracted and ethanol-precipitated prior to radiolabeling as described above. For analysis of proteins in the immunoprecipitations, the immunocomplexes were boiled for 5 min in 1ϫ SDS-PAGE sample buffer (50 mM Tris, pH 6.8, 100 mM DTT, 1% SDS, 5% glycerol, and 0.005% bromphenol blue).
Immunoblotting-Proteins from cell fractionations and immunoprecipitations were subjected to SDS-PAGE, transferred to Hybond ECL membranes (GE Healthcare), probed with the indicated antibodies, and detected with Clarity Western ECL Substrate (Bio-Rad) using a Molecular Imager Chemi-Doc XRSϩ system (Bio-Rad).
Immunoslot Blot Analysis of UV Photoproduct Repair-Repair of UV photoproducts from genomic DNA was measured as described previously (13) . (6-4) photoproduct ([6 -4]PP) and CPD signals were detected as described for the immunoblotting approach above, and ImageQuant (version 5.2) was used to analyze the experimental results.
RESULTS

UV-generated sedDNAs Remain in the Nucleus Following the Dual Incisions-Although in vitro excision repair assays have
demonstrated that the primary products of nucleotide excision repair are released from the gapped, duplex DNA following the dual incision step of repair (6, 12) , the subcellular localization of the sedDNAs during repair in vivo is not known but is an important issue given that cytoplasmic or improperly localized DNAs have the potential to induce inflammatory and immune signaling responses (22, 23) .
Using our recently developed methods for following sedDNA fate in vivo (10, 11) , we therefore examined the subcellular distribution of sedDNAs in cultured human cells by biochemical fractionation. A375 melanoma cells were irradiated with UV light and then lysed in a hypotonic buffer containing the glycoside digitonin, which through the preferential removal of cholesterol from the relatively cholesterol-rich plasma membrane effectively separates nuclei from cytosolic material. As shown in Fig. 1 , this fractionation procedure resulted in a clear separation of the cytoplasmic protein MEK2 from the majority of the primarily nuclear excision repair protein XPB (a component of TFIIH) and the nucleosome component H2AX. RPA, which has been shown to readily dissociate/ leak from nuclei in hypotonic buffers (24, 25) , was found in both the soluble cytosolic fraction and the nuclear pellet fraction. We also processed these subcellular fractions for isolation and detection of sedDNAs by 3Ј-radiolabeling, urea-PAGE, and phosphorimaging. Previous studies showed that these excised oligonucleotides, which range from ϳ15 to 32 nt in length, contain UV photoproducts and are only generated in cells with a functional excision repair system (10, 11) . Examination of the UV-generated sedDNA distribution revealed that nearly 90% of the sedDNAs were found in the nuclear fraction. Because the 10 -15% of sedDNAs that are apparently cytosolic are associated with RPA (data not shown; see below), which is a protein that is known to readily leak from nuclei upon cell lysis (24, 25) , we conclude that the dual incision sedDNA products of nucleotide excision repair remain primarily in the nucleus following the dual incision reaction.
Primary and Partially Degraded sedDNAs Are Differentially Extractable from the Chromatin-enriched Fraction of Cells-To further examine the biochemical properties of the sedDNAs, we used the non-ionic detergent Triton X-100, which permeabilizes both the cell and nuclear membranes and can disrupt protein-protein interactions. Immunoblot analysis of the Triton-soluble and -resistant fractions of UV-irradiated cells demonstrated that Ͼ90% of RPA and ϳ50% of XPB were extractable with Triton X-100 ( Fig. 2A) . Interestingly, the fractionation of UV-irradiated cells under these conditions led to a remarkable separation of two sedDNA species, with Ͼ90% of the 24-to 32-nt-long primary excision products remaining with the Triton-resistant chromatin fraction and Ͼ95% of the shorter species ϳ15 to 23 nt in length present in the Triton-soluble fractions ( Fig. 2A ). Similar results were obtained when the nonionic detergent Igepal CA-630 was used in place of Triton X-100 and at detergent concentrations ranging from 0.1 to 1% (data not shown). Because sedDNAs are known to undergo nucleolytic digestion following dual incisions both in vitro in cell-free extracts (8, 12) and in vivo (10, 11) , we consider the longer species to be the primary, full-length sedDNA repair products (canonical 30-mers) and the shorter species to be secondary, partially degraded sedDNAs. These results indicate that these two sedDNA species have different biochemical properties with regards to their association with the chromatinenriched fraction of cells.
We next wished to use an alternative approach to confirm the unique biochemical characteristics of the two sedDNA species with regards to their localization within nuclei. We therefore used formaldehyde to covalently cross-link proteins to DNA prior to extraction of the cells with a buffer capable of solubilizing both the primary and secondary sedDNAs. After crosslink reversal and deproteinization, the sedDNAs were purified and radiolabeled. As shown in Fig. 2B , formaldehyde treatment prevented the recovery of the primary, full-length sedDNA species from the cells. In contrast, the majority (70%) of the secondary, degraded sedDNAs were recoverable in the soluble cell lysate following deproteinization. Analysis of the insoluble chromatin-enriched fraction was not possible in these experiments because of the large amount of genomic DNA fragments that are present in sheared chromatin. We conclude from these results that the primary sedDNA products of nucleotide excision repair may remain in close contact with chromatin but that the secondary products are only loosely associated with chromatin following the dual incision event.
TFIIH-and RPA-sedDNA Complexes Are Differentially Associated with Chromatin-Immediately following the actions of the XPF and XPG nucleases, which generate the dual incisions required for removal of UV photoproduct-containing oligonucleotides from the genome, the primary excision products are found in a tight complex with the transcription/repair factor TFIIH (12) . The TFIIH-bound oligonucleotides are released FIGURE 1. sedDNAs remain in the nucleus following the dual incision event. Asynchronously growing A375 cells were harvested 30 min following exposure to 10 J/m 2 of UV and extracted three times with a hypotonic buffer containing digitonin. Equal volumes of these three soluble fractions (1, 2, 3) along with the nuclear pellet fraction were analyzed for the indicated proteins by immunoblotting and for sedDNA content by radiolabeling, urea-PAGE, and phosphorimaging. Densitometry was used to determine the distribution of sedDNAs among these fractions.
from TFIIH in an ATP-dependent but ATP hydrolysis-independent manner and then become bound by the singlestranded DNA binding protein RPA and undergo limited or full nucleolytic degradation (12) . Our observation that the primary full-length and secondary partially degraded sedDNAs are differentially extractable from chromatin suggested that these sedDNAs may be bound to TFIIH and RPA, respectively.
To test this hypothesis, we immunoprecipitated TFIIH and RPA from both the Triton-soluble and Triton-insoluble factions of UV-irradiated A375 cells and then examined the relative sedDNA enrichment. As shown in Fig. 2C , RPA-bound sedDNAs were found solely in the Triton-soluble fraction along with the majority of the cellular RPA. In contrast, even though approximately half of the total cellular TFIIH is Triton-soluble (Fig. 2, A and C) , nearly all of the TFIIH-bound sedDNAs were found in the Triton-resistant chromatin fraction. Repeated rounds of immunoprecipitation to isolate all of the TFIIH and RPA from the cell lysates demonstrated that nearly 100% of the sedDNAs in the cell lysates are bound to these two factors alone (data not shown). Moreover, these results indicate that the two biochemically distinct sedDNA species are largely correlated with their association with the excision repair proteins TFIIH and RPA. Finally, these data suggest that following the dual incisions, TFIIH-sedDNA complexes remain in close contact with chromatin before the sedDNAs dissociate from TFIIH and bind to the more readily solubilized RPA.
Inhibition of Excision Gap-filling Slows UV Photoproduct Removal-Coincident with the dual incision events that generate the sedDNAs, ssDNA gaps ϳ30-nt in length (26 -28) are generated in the duplex DNA that must be filled by the action of DNA polymerases and then the remaining nicks sealed by a DNA ligase. Using the ribonucleotide reductase inhibitor HU in combination with the chain-terminating nucleotide analog AraC to limit the extent of DNA repair synthesis in the gaps, early studies on excision repair in human cells reported a maximum of 1-2 ϫ 10 5 breaks in DNA could be generated at any given time following UV irradiation (29 -31) . Interestingly, we recently reported nearly identical values for the maximum number of sedDNAs that can be generated in the cell following UV irradiation (11) . The similarity in the number of sedDNAs and excision gaps indicates that post-incision processing of the sedDNAs may be coordinated with gap-filling synthesis during nucleotide excision repair.
To begin to investigate this issue, we first examined how the inhibition of gap-filling synthesis with HU/AraC treatment impacts the removal of (6-4)PPs and CPDs from the genomic DNA of UV-irradiated cells. To ensure the maximum effectiveness of HU/AraC on the inhibition of gap filling, we used cells that were grown to confluence and maintained in medium containing a low serum concentration to keep cells in a quiescent state prior to treatment with HU/AraC and UV irradiation. Treatment with HU/AraC under these conditions has been reported to reduce the amount of UV-induced DNA repair synthesis by 60 -90% (32) (33) (34) (35) , which indicates that only a low level or rate of repair synthesis takes place in the presence of these inhibitors.
We therefore isolated genomic DNA at various time points following UV irradiation from quiescent cells that were pretreated or not with HU/AraC and then analyzed the DNA for (6-4)PP and CPD content by immunoslot blotting using anti-(6-4)PP and anti-CPD antibodies. As shown in Fig. 3, A and B , the rates of both (6-4)PPs and CPDs was slowed by about a factor of two in the presence of HU/AraC. These results therefore demonstrate that the inhibition of gap-filling synthesis has an inhibitory effect on the rate of UV photoproduct removal from genomic DNA, which is consistent with previous reports using alternative approaches for measuring UV photoproduct removal (29, 32, 36 -38) .
Inhibition of Gap Filling Enhances DNA Damage Checkpoint Signaling and Induces Cell Death-Inhibition of gap-filling synthesis has been reported to lead to enlargement of excision gaps in human cells (39) and to enhanced DNA damage checkpoint signaling by the ATR kinase (40, 41) , which likely occurs through the recruitment of the ATR kinase to RPA-coated ssDNA excision gaps (42) (43) (44) (45) . To confirm these findings and validate our experimental conditions, we therefore monitored the phosphorylation status of a number of protein substrates of FIGURE 2. TFIIH-and RPA-sedDNA complexes are differentially extractable from chromatin. A, asynchronously growing A375 cells were harvested 30 min following exposure to 10 J/m 2 of UV and extracted three times with a hypotonic buffer containing 0.1% Triton X-100. These three soluble fractions along with the chromatin pellet were analyzed for the indicated proteins by immunoblotting and for sedDNA content. B, 30 min following exposure to 20 J/m 2 of UV, A375 cells were treated with formaldehyde on ice to cross-link proteins to DNA or were left untreated. Following preparation of a whole cell lysate, cross-links were reversed, and sedDNA content was analyzed. C, Triton-soluble and Triton-resistant (chromatin) fractions were prepared as in A and then immunoprecipitated with anti-RPA or anti-TFIIH antibodies. sedDNAs and the indicated proteins were analyzed.
the ATR kinase in UV-irradiated quiescent cells in the absence or presence of HU/AraC to limit gap filling. As shown in Fig.  4A , phosphorylation of p53, RPA2, and H2AX was elevated following UV exposure in cells that were treated with HU/AraC. Though the physiological role of H2AX and RPA phosphorylation on cell fate following UV irradiation is unclear (46 -48) , particularly in non-replicating quiescent cells, the enhanced phosphorylation of p53 on Ser-15 is linked to the promotion of apoptotic forms of cell death (49, 50) .
Consistent with this increase in proapoptotic p53 phosphorylation, when we examined the viability of cells 24 h after UV irradiation by trypan blue staining, we observed a nearly 3-fold increase in non-viable cells when gap filling was inhibited with HU/AraC (Fig. 4B ). To determine whether this increase in cell death was through an apoptotic mechanism, we examined the status of the apoptosis markers PARP and caspase-3. As shown in Fig. 4C , an enrichment of the cleaved forms of both PARP and caspase-3 was found in UV-irradiated cells exposed to HU/AraC in comparison with cells that were allowed to undergo normal gap filling. The lack of significant cell death or apoptotic signaling in non-irradiated cells treated with HU/AraC demonstrates that the effect of HU/AraC on cell death was UV-dependent and therefore not due to potential other effects of HU and AraC on general cell physiology.
We conclude from these findings that the inhibition of gapfilling DNA synthesis with HU/AraC is correlated with enhanced DNA damage checkpoint signaling and cell death and that this phenotype is associated with inhibition in the rate of removal of DNA damage. Thus, efficient gap filling is required for quiescent, non-replicating cells to effectively deal with UV-induced DNA damage.
Inhibition of Gap Filling Results in an Accumulation of RPAbound sedDNAs-The slower rate of UV photoproduct removal in the presence of HU/AraC in Fig. 3 suggested that the level of sedDNAs that are generated in the presence of HU/AraC following UV irradiation may also be reduced. Thus, to determine how gap filling affects the generation of sedDNAs during excision repair, we treated quiescent cells with HU/AraC to slow gap filling following UV irradiation and then isolated the (6-4)PP-containing sedDNAs by immunoprecipitation with anti-(6-4)PP antibodies. As shown in Fig. 5A , pretreatment with HU/AraC did not prevent or inhibit the generation of (6-4)PP-containing sedDNAs and instead led to a modest increase in the level of (6-4)PP-sedDNAs. Additional analyses of (6-4)PP-sedDNA levels at various time points following irradiation showed that HU/AraC treatment was associated with an average increase in (6-4)PP-sedDNA levels of ϳ40% in comparison with cells that were allowed to undergo normal gap filling (data not shown). These results therefore demonstrate that the inhibition of gap-filling synthesis does not prevent the dual incision reaction but may instead impact some other aspect of post-excision sedDNA processing that ultimately affects UV photoproduct removal rate.
Because sedDNAs are associated with TFIIH and RPA following the dual incision reaction, we next used protein immunoprecipitation and sedDNA analysis to determine whether the inhibition of gap filling affected the levels of sedDNAs that were associated with TFIIH and RPA following UV irradiation. As shown in Fig. 5B , HU/AraC treatment led to a small, 20 -25% increase in the level of total UV photoproduct-containing sedDNAs that were bound to TFIIH. However, there was a greater than 2-fold increase in sedDNA association with RPA under these conditions (Fig. 5C ). These results indicate that the normal post-excision processing of sedDNAs is altered following UV irradiation when gap filling is inhibited, which leads to an accumulation of sedDNAs that are in complex with RPA. This accumulation may prevent RPA from functioning in new rounds of excision repair at other sites of UV damage, which would explain the slower rate of UV photoproduct removal that we and others have observed in HU/AraC-treated cells (Fig. 3) . Consistent with this hypothesis, studies using fluorescence microscopy to examine the ability of RPA to migrate to new sites of DNA damage following UV irradiation in cells was reported to be inhibited in cells treated with HU/AraC (36) .
DNA Polymerase and Ligase Inhibition Slow UV Photoproduct Removal and Lead to an Accumulation of sedDNAs in Complex with RPA-Aphidicolin is a reversible inhibitor of DNA polymerases ␦ and ⑀, which have been implicated in filling in the excision gaps in during nucleotide excision repair in vivo (51) (52) (53) . Early work on excision repair in human cells indicated that aphidicolin inhibited UV photoproduct removal in human cells (54, 55) . Thus, to confirm our findings with HU/AraC, we pretreated quiescent cells with aphidicolin prior to exposure to UV and then monitored (6-4)PP and CPD removal from genomic DNA. The rate of removal of both types of UV photoproducts was slowed in the presence of aphidicolin (Fig. 6, A and B) . To determine whether this slow rate of UV photoproduct removal was correlated with an increase of sedDNAs in complex with RPA as was observed with HU/AraC, we immunoprecipitated RPA from cells that were exposed to different combinations of UV and aphidicolin. As shown in Fig. 6C , we observed a nearly 2-fold increase in sedDNA association with RPA. We attribute the less dramatic effect of aphidicolin relative to HU/AraC on UV photoproduct removal rate and RPA-sedDNA accumulation to the fact that the aphidicolin-resistant DNA polymerase has been implicated in filling in a portion of DNA excision repair gaps (52, 56) .
DNA ligase action is also required to complete nucleotide excision repair by sealing the nicks that remain in the DNA following DNA repair synthesis. Furthermore, chemical inhibition or genetic knockdown of DNA ligase function has been reported to slow UV photoproduct removal and RPA nuclear mobility following UV irradiation (36, 37) . We therefore used a small molecule inhibitor of DNA ligases I, III, and IV (57) to FIGURE 5 . RPA-sedDNA complexes accumulate when gap-filling DNA synthesis is inhibited with HU/AraC. A, quiescent U2OS cells were left untreated or were pretreated for 30 min with 10 mM HU and 100 M AraC before exposure to 10 J/m 2 of UV. At the indicated time points, cells were harvested for isolation of sedDNAs, which were further immunoprecipitated with an anti-(6-4)PP antibody prior to radiolabeling, urea-PAGE, and phosphorimager analysis. B, whole cell lysates were prepared from quiescent U2OS cells with the indicated treatments and then subjected to immunoprecipitation with an anti-p62 (TFIIH) antibody. Protein content was analyzed by immunoblotting, and total sedDNA content was analyzed by radiolabeling, urea-PAGE, and phosphorimager analysis. Results from four independent experiments (average and S.D.) are graphed. C, whole cell lysates were prepared as in B but were subjected to immunoprecipitation with an anti-RPA32 (RPA) antibody. examine how DNA ligase inhibition affects RPA-sedDNA accumulation. As shown in Fig. 7A and B, although we were unable to detect a change in PP removal rate with the DNA ligase inhibitor L189, we were able to observe a decrease in the rate of CPD removal with this compound (Fig. 7B) . Furthermore, and consistent with the experiments with HU/AraC and aphidicolin, the level of sedDNAs in complex with RPA were increased following UV irradiation (Fig. 7C) . These results indicate that DNA ligase inhibition has a similar effect as slowing DNA repair synthesis on sedDNA processing during nucleotide excision repair.
DISCUSSION
In this study, we have addressed several issues regarding the post-dual incision fate of sedDNAs during nucleotide excision repair, including the subcellular localization of sedDNAs and the role of gap filling in excision and sedDNA processing.
sedDNA Association with Chromatin-We previously showed using in vitro excision assays with cell-free extract that the primary excision products are released from duplex DNA in complex with TFIIH and then dissociate from TFIIH to form complexes with RPA or are degraded by nucleases that are present in the extract (12) . Our data here show that sedDNAs remain associated with the chromatin-enriched fraction following the dual incisions in vivo in two distinct biochemical complexes that are defined by the ease of extraction from chromatin and the association with the excision repair factors TFIIH and RPA ( Figs. 1  and 2 ).
Our results further indicate that under normal conditions following UV irradiation, only a small fraction of the sedDNAs FIGURE 6. RPA-sedDNA complexes accumulate when gap-filling DNA polymerases are inhibited with aphidicolin. A, quiescent U2OS cells were left untreated or were pretreated for 30 min with 1 g/ml aphidicolin (APH) prior to exposure to 10 J/m 2 of UV. At the indicated time points, genomic DNA was isolated from the cells and analyzed by immunoslot blotting with an anti-(6-4)PP antibody. B, genomic DNA from UV-irradiated cells was analyzed as in A except that an anti-CPD antibody was used for immunoblotting. C, whole cell lysates were prepared from quiescent U2OS cells with the indicated treatments and then subjected to immunoprecipitation with an anti-RPA34 (RPA) antibody. Protein content was analyzed by immunoblotting, and total sedDNA content was analyzed by radiolabeling, urea-PAGE, and phosphorimager analysis. Results from three independent experiments (average and S.D.) are graphed. FIGURE 7. RPA-sedDNA complexes accumulate when DNA ligation is inhibited. A, quiescent U2OS cells were left untreated or were pretreated for 30 min with 100 M L189 prior to exposure to 10 J/m 2 of UV. At the indicated time points, genomic DNA was isolated from the cells and analyzed by immunoslot blotting with an anti-(6-4)PP antibody. B, genomic DNA from UV-irradiated cells was analyzed as in A except that an anti-CPD antibody was used for immunoblotting. C, whole cell lysates were prepared from quiescent U2OS cells with the indicated treatments and then subjected to immunoprecipitation with an anti-RPA34 (RPA) antibody. Protein content was analyzed by immunoblotting, and total sedDNA content was analyzed by radiolabeling, urea-PAGE, and phosphorimager analysis. Results from three independent experiments (average and S.D.) are graphed.
that are detected with our labeling methodology are present in the cytosolic fraction of cells. Because cytoplasmic DNAs may stimulate inflammatory and innate immune signaling pathways (22, 23) , the normal post-excision processing of sedDNAs likely minimizes this aberrant immune signaling by keeping the sedDNAs on chromatin within the nucleus.
Role of DNA Synthesis in the Dual Incisions-Based in part on the slower rate of removal of pyrimidine dimers from acidinsoluble DNA relative to the rate of incorporation of new bases into genomic DNA, early "patch-and-cut" models of mammalian nucleotide excision repair (58, 59) posited that DNA repair synthesis begins before, or is required for, the second incision event that occurs 3Ј to the lesion by the action of the XPG nuclease. Consistent with this model, a recent study reported observing DNA repair synthesis and post-incision repair protein recruitment to damage sites in an XP-G patient cell line that was artificially engineered to express a nuclease mutant version of XPG (60) . However, the use of reconstituted excision repair systems in vitro has shown that DNA synthesis is not necessary for the dual incision reaction to take place (5-7). Thus, our data here demonstrate that the same principle holds true in vivo: DNA repair synthesis is not essential for the dual incision event that removes the damage-containing oligonucleotide from the duplex.
Nonetheless, the immunoslot blot data we presented here (Figs. 3, 6, and 7) showed that the inhibition of gap filling was associated with a slower rate of UV photoproduct removal from genomic DNA and with an accumulation of RPA-bound sedDNAs (Figs. 5-7) . These findings complement and extend previous analyses using alternative methods for measuring excision repair and post-incision processing of excision repair proteins (29, 32, 36, 37) . For example, early work showed that the use of the DNA polymerase inhibitor aphidicolin or the ribonucleotide reductase inhibitor HU in combination with the chain-terminating nucleotide analogue AraC allowed for the visualization of UV-dependent incision events that are normally rapidly filled and ligated and hence not observable by alkaline sucrose sedimentation of genomic DNA from UV-irradiated cells (29, 32, 54, 55) . Furthermore, using an assay that directly measured removal of preincorporated, radiolabeled thymine residues from acid-precipitable DNA, it was similarly reported that removal of pyrimidine dimers was nearly completely prevented by aphidicolin or HU/AraC treatment (29, 55) . More recently, through the use of immunofluorescence microscopy to monitor (6-4)PP content in genomic DNA, it was reported that HU/AraC treatment inhibited (37) or slowed (36, 38) the rate of (6-4)PP removal. The variations in the absolute excision repair rates in these studies are likely due to differences in the cell lines, culture conditions, and proliferation states, all of which can affect dNTP levels and UV-induced DNA synthesis in quiescent cells (35, 55, 61, 62) . Our results show that the inhibition of gap filling only slows the rate of UV photoproduct removal.
Moreover, in light of our observation that UV photoproductcontaining sedDNAs remain associated with the chromatin fraction following the dual incision event, it should be noted that some of the previous approaches that have been used to monitor excision may have a number of limitations. For exam-ple, chromatographic measurements of pyrimidine dimer content in genomic DNA involved trichloroacetic acid extraction of whole cells to precipitate genomic DNA from acid-soluble thymine dimers (29) . However, oligonucleotides greater than ϳ10 to 17 nt in length are insoluble in acid (63) . Thus, the sedDNAs that are initially generated during the dual incisions and which are readily detectable with our 3Ј-labeling methodology would be expected to co-precipitate with genomic DNA in TCA and hence would not be detected as repair events with this classical DNA repair assay. Furthermore, the immunological detection of (6-4)PP loss from genomic DNA by fluorescence microscopy (36, 37) used fixation techniques that crosslink the primary sedDNA products to chromatin ( Fig. 2A) , which similarly prevents their detection as repair events. Thus, the ability of certain methodologies to accurately monitor repair (as defined by UV photoproduct removal by dual incisions) must be carefully considered when interpreting experimental results.
Fate of sedDNAs-The ultimate fate of the sedDNAs following the association with TFIIH and RPA is not known. Our previous observations and quantitative measurements of sedDNA abundance following UV irradiation indicate that sedDNAs do not accumulate above a maximum level of ϳ1-2 ϫ 10 5 per cell (11) , which indicates that sedDNA processing and degradation may be regulated processes that are coordinated with the completion of repair. Further work is needed to clarify this issue and to identify the nucleases that degrade the sedDNAs following UV irradiation. It will also be important to determine whether there are conditions under which improper post-excision processing of sedDNAs leads to abnormal cellular localization that may negatively impact cellular physiology.
Similarly, the observation that the inhibition of gap filling leads to both an accumulation of RPA-sedDNA complexes (Figs. 5-7) and to enhanced ATR signaling ( Fig. 4) indicates a possible regulatory role for sedDNAs or TFIIH/RPA-sedDNA complexes in the ATR-mediated DNA damage checkpoint response (64, 65) . Alternatively, our finding of a 3-to 4-fold increase in cell death by HU/AraC treatment of UV-irradiated cells relative to cells that are simply UV irradiated indicate that caution must be exercised in interpreting excision repair data in HU/AraC-treated cells because of the complication arising from counting dead cells.
